1. Introduction {#sec1}
===============

The best organic photovoltaic devices have reached power conversion efficiencies of more than 13%.^[@ref1]^ The voltage loss in solar cells is attributed to the recombination of photoinduced charges in the absorber bulk, which reaches its maximum at open circuit.^[@ref2]^ Due to the smaller field in the device near open circuit, the extraction of charges is much more difficult than at short circuit. This effect results in much higher charge carrier densities and a large charge carrier loss due to recombination. Therefore, reducing recombination losses is of great importance to achieve higher-efficiency organic solar cells.^[@ref3]−[@ref5]^ The two pathways of recombination are the bulk recombination of photogenerated charges and the recombination of photogenerated charges with electrodic induced charges (EIC recombination). Bulk recombination of photogenerated opposite charge carriers occurs in the bulk of the active layer. EIC recombination may significantly impact device performance and reduce the net recombination lifetime. To approach this problem, it is necessary to separate and measure the two pathways of recombination.

The bimolecular recombination rate (*R*) in organic solar cells can be described by the equation^[@ref3]^with the charge carrier densities for the electrons *n* and holes *p*, the intrinsic charge carrier density *n*~i~, and the bimolecular recombination coefficient γ, which is given by the modified Langevin equation^[@ref6]^where γ~pre~ is the Langevin prefactor, *q* is the elementary charge, ε is the dielectric constant, and μ~*n*~ and μ~*p*~ are the mobilities of electrons and holes, respectively. Most polymer/fullerene bulk heterojunction (BHJ) systems studied to date have a γ~pre~ between 0.01 and 1.^[@ref7]−[@ref13]^ There are some reports for P3HT:PCBM solar cells showing a γ~pre~ as low as 10^--3[@ref14],[@ref15]^ and for polymer/nonfullerene BHJ solar cells as low as 10^--4^.^[@ref16]^

Several methods have been used to determine the charge carrier mean lifetime and the recombination rate coefficient γ in solar cells by means of time-resolved techniques such as transient photovoltage (TPV),^[@ref17]−[@ref22]^ transient absorption spectroscopy,^[@ref23]^ transient photocurrent,^[@ref18]^ charge extraction,^[@ref17]−[@ref19],[@ref21],[@ref22]^ impedance spectroscopy,^[@ref20]^ and time delayed collection field methods.^[@ref24]−[@ref26]^ An analytical model to analyze recombination losses as a function of light intensity has also been introduced.^[@ref27]^ Furthermore, the role of recombination at the interfaces and contacts has been widely studied either theoretically or experimentally by using different electrode structures, film nanomorphology, etc.^[@ref17],[@ref22],[@ref25],[@ref28]−[@ref34]^ Many BHJ solar cells have improved from the use of hole/electron blocking layers. A wide range of explanations on their effect have been proposed, including preventing recombination of minority carriers at the interface between active layer and electrode, enhancement in charge carrier mobility, increasing the built-in voltage and therefore a better charge collection efficiency, greater stability, and enhanced blocking phenomena due to formation of surface dipoles at anode (cathode) interfacial layer and acceptor (donor), etc.^[@ref35]−[@ref40]^ On the other hand, it has been reported that the presence of charge-injecting contacts reduces the forward photocurrent due to the EIC recombinaton.^[@ref32],[@ref41]^ However, a conclusive study on the role of blocking layers in reducing EIC recombination is lacking in the literature.

To this end, we need to separate the contributions due to bulk and EIC recombination. To the best of our knowledge, no straightforward experimental way has been utilized to differentiate between the bulk recombination lifetime and net recombination lifetime (bulk plus EIC recombination). Therefore, the measured bimolecular recombination lifetimes include both bulk and EIC recombination, making it impossible to exclusively measure the bulk recombination lifetime of the photogenerated charges.

Our approach can be illustrated by considering that the free charge carrier densities (*n*, *p*) can be written as a sum of the density of photogenerated charges plus the density of dark-induced chargesfor electrons, andfor holes with the photogenerated electrons *n*~ph~, photogenerated holes *p*~ph~, dark-induced electrons *n*~d~, and dark-induced holes *p*~d~. Therefore, using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, the contribution of electrodes to the measured recombination rate is as followsThis expression for the recombination rate makes clear that induced charges contribute to the recombination of photogenerated ones. In the theoretical determination of the bimolecular recombination coefficient, the omission of such induced charges could result in overestimation of γ.^[@ref25]^ Although its derivation assumes bimolecular recombination to be the main process, [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} is more general and would also apply, mutatis mutandis, when trap-assisted recombination dominates. Herein, we physically isolate the active layer from the electrodes by depositing an aluminum oxide (Al~2~O~3~) transparent insulating layer on both sides. Therefore, *n*~d~ and *p*~d~ are not present in the active layer and make no contribution to the measured recombination lifetime. Bulk recombination lifetime is measured from the exponential decay of the displacement current density after discharging the photocapacitor by a small reduction in light intensity. The value of γ is then measured using a well-defined formula, the derivation of which will be explained in [Section [2.1](#sec2.1){ref-type="other"}](#sec2.1){ref-type="other"}. We determined a good match between the measured values of γ~pre~ for blends of P3HT:\[60\]PCBM, PDPP5T:\[60\]PCBM, and PTB7:\[70\]PCBM with the previously reported values of γ~pre~ for these materials.^[@ref42]^

We further employed conventional and a newly developed transient photovoltage technique, to measure the net recombination lifetime of the photogenerated charge carriers in the presence of induced charges. A detailed explanation of the basic principles and working mechanisms of our method will be given in [Section [2](#sec2){ref-type="other"}](#sec2){ref-type="other"}.

EIC recombination results in a shorter net recombination lifetime than a bulk recombination lifetime. Our simulation studies show that EICs reduce the recombination lifetime in solar cells with a γ~pre~ of less than 10^--3^. A shorter net recombination lifetime in an active layer with a highly reduced γ~pre~ might be related to the accumulation of photogenerated minority charges near the electrodes, which potentiates the injection of more opposite charges under illumination, leading to increased recombination near the electrodes. Finally, we conclude that the positive role of blocking layers in reducing EIC recombination is limited to the systems with extremely low γ~pre~.

2. Theoretical Background {#sec2}
=========================

2.1. Measurement of the Bulk Recombination Lifetime and Recombination Coefficient {#sec2.1}
---------------------------------------------------------------------------------

To measure bulk recombination lifetime of photogenerated charges, a new contactless technique was developed, in which the active layer is sandwiched between two insulating layers. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the blocked devices were made with device configuration of indium tin oxide (ITO)/Al~2~O~3~ (40 nm)/active layer/Al~2~O~3~ (40 nm)/Al (100 nm).

![Schematic illustration of the sign of the displacement current after reducing the light intensity. (a) *V*~app~ larger than *V*~bi~ results in a negative displacement current and (b) *V*~app~ smaller than *V*~bi~ results in a positive displacement current.](am-2017-192349_0008){#fig1}

In the transport and recombination via the displacement current (TRDC) experiment, we aimed to measure the recombination lifetime via a small perturbation in the intensity of incident light. We started by placing the photocapacitor under steady-state illumination. At time 0, the light intensity was slightly reduced using a wave form of a step function, and the resulting displacement current was measured. As the light intensity was abruptly reduced, the excess charge carriers recombine until a steady state is reached at this lower light intensity ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

This recombination means that the polarization of the capacitor is reduced, and hence a displacement current flows. [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf) illustrates the TRDC setup and steps involved during the experiment. A simple analytical expression for the displacement current can be obtained as follows. At time 0, we have a steady-state situation with the generation rate *G* + Δ*G*. As this is steady state, generation and recombination cancel, and we have *R* + Δ*R* = *G* + Δ*G*, where Δ*R* is the recombination of excess carriers. As the light intensity is reduced to *G* and after sufficient time, we again have *G* = *R* = γ*np*, where γ is the bimolecular recombination rate constant, and *n* and *p* are the electron and hole densities, respectively, of photogenerated charges at steady state. At time 0, the densities of electrons and holes are slightly larger (due to more light) and we haveAs the second-order term (Δ*n*Δ*p*) is smaller than the other terms, it can be neglected in the expression of [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}. Thus, using [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}, we can write the decay of the charge carrier densities asIn addition, as the electrons and holes are generated (and recombine) as a pair, the electron and hole concentrations are equal, such as *n* = *p* and Δ*n* = Δ*p*. During the experiment, *n* and *p* are constant due to the illumination *G*. By writing *G* = *R*, the electron and hole densities can be written as . Therefore, [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} becomeswhere the lifetime can be expressed as a function of *G* and γ as followsAs a result, the current can be written in the same way, as it is proportional to the decay of the charge carriersTherefore, we can fit a simple monoexponential function to the decay of the current to measure the recombination rate coefficient γ.

Note that the lifetime in [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} does not depend on the applied voltage. A simulated plot of displacement current density under varying applied voltages is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![Numerical drift-diffusion simulation graph of the displacement current density versus time at various applied voltages, showing an exponential decrease after the rise at early times by the reduction of light intensity.](am-2017-192349_0006){#fig2}

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the reason that the sign of displacement current density switches at different voltages. The built-in voltage (*V*~bi~) pushes photogenerated electrons to the cathode side and holes to the anode side. When the applied voltage (*V*~app~) is larger than *V*~bi~ in the device, the excess photogenerated electrons (holes) are pushed toward the interface between the active layer and the Al~2~O~3~ blocking layer at the anode (cathode) side. Therefore, the displacement current density is negative ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). In contrast, when *V*~app~ is smaller than *V*~bi~, the displacement current density switches to positive, as the charges recombine in the opposite direction by applying the perturbation of light intensity ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The larger the difference is between *V*~app~ and *V*~bi~, the more charging of the capacitor, which causes a larger displacement current flow. At voltages very close to *V*~bi~, the fields more strongly compensate each other, and therefore a very low amplitude displacement current density is observed. The recombination lifetime (τ~TRDC~) is measured by fitting the monoexponential decay of the displacement current density at a range of applied voltages of around *V*~bi~ (−2 to 2 V). The use of [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} allows the recombination coefficient γ to be calculated.

2.2. Transient Photovoltage Measurements {#sec2.2}
----------------------------------------

To investigate the effect of induced charges on the recombination lifetime in studied solar cells, two different techniques were used. The transient photovoltage decay lifetime of the solar cells (TPV) was measured under a small perturbation of light-emitting diode (LED) illumination intensity. The high input impedance of the oscilloscope (1 MΩ) was used to provide an open circuit condition under LED illumination.

In the modified version of TPV (TPV2), first, the charge decay was measured by monitoring the displacement current density transients over a capacitor (*C*) placed in series with the solar cell under a constant applied bias (*V*) and a pulsed light LED. Note that the illumination condition is the same as in the TPV and TRDC methods. Then, the capacitor was varied. The intercept of τ versus *C* gives the net recombination lifetime of the charge carriers in the solar cell in the presence of EICs. Schematic representations of TPV and TPV2 setup are shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf). Next, we define the requirements of TPV2 by providing a detailed explanation of the working mechanism of the method.

At time 0, when the device is under steady state condition, the light intensity is reduced. Therefore, the application of a small perturbation of LED light intensity causes a decrease in *V*~OC~. The potential across the series capacitor (*V*~C~) equalswhere *V*~SC~ is the potential across the solar cell. The applied voltage on the whole device (*V*) is kept constant. Therefore, the potential drop across the series capacitor (Δ*V*~C~) always equals Δ*V*~OC~Because the series capacitance stays constant, the potential drop due to the reduced light intensity causes charging of the capacitor, which linearly increases with Δ*V*~OC~On the basis of [eq [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"}, the slope of Δ*Q*~C~ versus *C* equals Δ*V*~OC~ (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf), Supporting Information), which is in good agreement with the direct measurement of *V*~OC~ of the solar cells at higher and lower intensities (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf), Supporting Information). Corresponding *J*--*V* curves are also shown in the Supporting Information (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf)).

2.3. Light Intensity-Dependent Measurements {#sec2.3}
-------------------------------------------

Measuring the light intensity-dependent bulk-only (using TRDC) and net recombination lifetimes (using TPV and TPV2) enables a better understanding of the influence of recombination with induced charges on the recombination lifetime. *V*~OC~ is related to light intensity by the following equation^[@ref38],[@ref39]^where *J*~s~ is the dark saturation current density, *J*~SC~ is the light-generated current density, *n* is the ideality factor, and *k* is the Boltzmann's constant. For the condition, in which the light intensity decreases from high to low, we can calculate Δ*V*~OC~ using the following equationwhere *G* + Δ*G* and *G* correspond to generation rates at higher and lower illumination intensities. Therefore, using [eq [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"}, we haveAccording to [eq [16](#eq16){ref-type="disp-formula"}](#eq16){ref-type="disp-formula"}, varying *G* while keeping the ratio (*G* + Δ*G*)/*G* constant allows Δ*Q*~C~ to remain constant. This means by integrating the displacement current over the light perturbation time (5 ms), the same number of photogenerated charge carriers recombine (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf), Supporting Information). Here, *G* was varied by using optical filters. *G* is calculated by , where *J*~SC~ is the short circuit current density of the solar cell under steady-state LED illumination at a lower intensity and *d* is the thickness of the active layer. Reducing *G* causes an increased bulk recombination lifetime of excess photogenerated charges measured by TRDC, whereas the rate of recombination with induced charges does not depend on the light intensity.

3. Results and Discussion {#sec3}
=========================

3.1. Bulk Recombination Lifetime and the Recombination Coefficient {#sec3.1}
------------------------------------------------------------------

*J*--*V* curves of blocked devices show no leakage current (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf)). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows TRDC data on blocked P3HT:\[60\]PCBM and PDPP5T:\[60\]PCBM devices under a light intensity of ∼0.5 sun. LED light intenstiy was estimated by the ratio of the value of *J*~SC~ of the device under LED illumination to the value of *J*~SC~ at 1 sun. Complementary TRDC data as a function of LED light intensity together with all TRDC data for P3HT:\[60\]PCBM (260 nm) are provided in the Supporting Information ([Figures S7 and S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf)). The applied voltage on the device varied between −2 and 2 V, with steps of 0.2 V. For each light intensity, the TRDC mean lifetime is derived by averaging the measured lifetimes from monoexponential decay fits of the displacement current densities versus time within the voltage range of \|*V*~app~\| \> 1 V, which are due to obtaining of small amplitude signals close to 0 for the conditions where the field in the device is almost compensated by the built-in field (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). At very low light intensities of approximately 0.05 sun, the average τ~TRDC~ values have larger standard errors, as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, which might be the reason for variations among the values of γ~pre~ of a single device under different light intensities.

![Comparison between TRDC lifetimes, acquired for (a) blocked P3HT:\[60\]PCBM and (b) blocked PDPP5T:\[60\]PCBM devices under ∼0.5 sun LED light intensity. The mean lifetime is derived from the mean value of the time constants from fitted exponential decays of the displacement current densities versus time at various voltages ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf), Supporting Information).](am-2017-192349_0005){#fig3}

###### TRDC Parameters under Various Generation Rates *G*, Measured for Blocked Devices of P3HT:\[60\]PCBM and PDPP5T:\[60\]PCBM

                      *d* (nm)   *G* (m^--3^ s^--1^)   τ~TRDC~ (μs)     γ (m^3^ s^--1^)   γ~pre~
  ------------------- ---------- --------------------- ---------------- ----------------- ----------------
  P3HT:\[60\]PCBM     130        1.50 × 10^27^         10 ± 2.3         1.6 × 10^--18^    1.21 × 10^--3^
  6.00 × 10^26^       18 ± 3.8   1.4 × 10^--18^        1.06 × 10^--3^                     
  1.50 × 10^26^       38 ± 8.9   1.2 × 10^--18^        9.00 × 10^--4^                     
  P3HT:\[60\]PCBM     260        1.07 × 10^27^         15 ± 3.4         1.1 × 10^--18^    8.30 × 10^--4^
  4.30 × 10^26^       25 ± 5.5   9.7 × 10^--19^        7.30 × 10^--4^                     
  1.10 × 10^26^       102 ± 26   2.3 × 10^--19^        1.70 × 10^--4^                     
  PDPP5T:\[60\]PCBM   150        3.38 × 10^27^         1 ± 0.2          2.3 × 10^--16^    6.31 × 10^--2^
  1.35 × 10^27^       2 ± 0.4    1.8 × 10^--16^        5.06 × 10^--2^                     
  3.30 × 10^26^       7 ± 2.0    6.7 × 10^--17^        1.85 × 10^--2^                     

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows the TRDC parameters of blocked devices under the various generation rates *G*. According to [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}, the lifetime is inversely proportional to the square root of the generation rate, whereas the recombination coefficient γ is constant. Confirming our theory, the lifetime increases with decreasing intensity. Having the experimental τ~TRDC~ values, we derive the values of γ by using [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}, which are in good agreement with the values of γ for these materials reported in the literature.^[@ref42]^ Taking the charge carrier mobilities of the studied systems from the literature,^[@ref42]^ we calculate the Langevin recombination prefactors (γ~pre~). At very low light intensity of approximately 0.05 sun, the average τ~TRDC~ values have larger standard errors, as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, which might be the reason for variations among the values of γ~pre~ of a single device under different light intensities.

3.2. Transient Photovoltage Measurements {#sec3.2}
----------------------------------------

To determine the impact of EIC recombination on the net recombination lifetime in organic solar cells, two methods of TPV and TPV2 were used, as described in [Section [2.2](#sec2.2){ref-type="other"}](#sec2.2){ref-type="other"}. [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} show the recombination lifetimes of the studied solar cells under different light intensities using these techniques. The TPV transients ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) show an exponential *V*~OC~ decay under an LED light perturbation. For each device, Δ*V*~OC~ was kept constant, whereas the amplitude of small perturbation was reduced using optical filters. TPV exhibits a Δ*V*~OC~ decay of ∼0.02 V for P3HT:\[60\]PCBM and ∼0.005 V for PDPP5T:\[60\]PCBM. These values are consistent with the values of Δ*V*~OC~ measured with the *J*--*V* responses of the devices under steady-state conditions at higher and lower light intensities separately (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf), Supporting Information). The difference among the values of Δ*V*~OC~ for different materials is due to different ideality factors, which is confirmed by the smaller slope of *V*~OC~ versus light intensity for PDPP5T:\[60\]PCBM compared to P3HT:\[60\]PCBM ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf), Supporting Information).

![TPV transients as a function of light intensity for (a) P3HT:\[60\]PCBM (130 nm) and (b) PDPP5T:\[60\]PCBM (150 nm) solar cells. The lifetime is measured by fitting the exponential *V*~OC~ decay after applying a small perturbation of light by reducing the LED light intensity. TPV transients obtained for P3HT:\[60\]PCBM (260 nm) are shown in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf) in the Supporting Information.](am-2017-192349_0001){#fig4}

![Recombination lifetimes using TPV2 measured at a *C* = 0 condition (τ~TPV2~) under light intensities of 0.05 sun (the black symbols), 0.2 sun (the blue symbols), and 0.5 sun (the red symbols) for (a) P3HT:\[60\]PCBM (130 nm) and (b) PDPP5T:\[60\]PCBM devices. The corresponding plot for P3HT:\[60\]PCBM (260 nm) is shown in [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf) in the Supporting Information.](am-2017-192349_0002){#fig5}

At lower light intensities, the lifetime increases due to the photogeneration of less excess charge in the active layer. PDPP5T:\[60\]PCBM exhibits a smaller recombination lifetime than P3HT:\[60\]PCBM under the applied light intensities. Comparing [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, as expected, the recombination lifetimes measured with both TPV and TPV2 show almost the same values.

3.3. Discussion {#sec3.3}
---------------

In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, the measured mean recombination lifetimes using all the described methods under different light intensities are compared. For P3HT:\[60\]PCBM, the values of τ~TRDC~ are slightly larger than τ~TPV~ and τ~TPV2~. However, the ratio is not considerably higher than the one specifically at the highest light intensity. The PDPP5T:\[60\]PCBM device shows equal lifetimes with the ratio of 1. The light intensity-dependent measurements of the P3HT:\[60\]PCBM device reveal that at the lowest light intensity (∼0.05 sun), the difference between the bulk recombination lifetime (τ~TRDC~) and the net recombination lifetime (τ~TPV~, τ~TPV2~) is more pronounced, because EIC recombination stays constant with light intensity, whereas the bulk recombination lifetime increases with decreasing intensity. The corresponding data of the PTB7:\[70\]PCBM devices are shown in the Supporting Information ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf)) and exhibit very similar recombination lifetimes with or without the inclusion of induced charges. Considering our measured γ and the literature values of μ~*n*~ + μ~*p*~ for PTB7:\[70\]PCBM and PDPP5T:\[60\]PCBM,^[@ref37]^ we estimate γ~pre~ values of 1.04 × 10^--2^ and 6.3 × 10^--2^, respectively, which are 1 order of magnitude larger than γ~pre~ of P3HT:\[60\]PCBM (see [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf)).

![Comparison of the measured recombination lifetimes using different methods versus the LED light intensity for (a) P3HT:\[60\]PCBM and (b) PDPP5T:\[60\]PCBM devices. Light intensity-dependent lifetimes using the three methods for P3HT:\[60\]PCBM (260 nm) are shown in [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf) in the Supporting Information.](am-2017-192349_0007){#fig6}

In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, the ratio is plotted versus γ~pre~ for the devices tested in this study and are compared with the simulated data for a wide range of γ~pre~. The devices tested in our study have a γ~pre~ between 10^--3^ and 10^--1^, which represents a γ~pre~ of most of the current state of the art of solar cells. Our results show that in most of the current solar cells, the influence of EICs is negligible. However, according to the simulation, the EICs begin to play a role if bulk recombination is further suppressed.

![Ratio of bulk recombination to net recombination lifetimes versus γ~pre~ under ∼0.5 sun light intensity. Experimental points are compared with the simulations.](am-2017-192349_0004){#fig7}

In solar cells with highly reduced bulk recombination strength, the shorter net recombination lifetime compared with the bulk recombination lifetime might be due to the accumulation of photogenerated minority charges near the electrodes (electrons near the anode or holes near the cathode), which enhances the injection of additional opposite charges (holes from the anode or electrons from the cathode) under illumination, leading to increased recombination near the electrodes.^[@ref32]^

Therefore, for most of the current state of the art organic solar cells, EICs do not considerably reduce device performance. However, note that producing organic solar cells with potentially lower γ~pre~ values than 10^--3^, could result in EICs facilitating an increase in net recombination. Therefore, the use of proper blocking layers becomes very crucial to further improve device performance.

4. Conclusions {#sec4}
==============

Although bulk recombination of photogenerated charge carriers has always been considered the main recombination pathway in organic solar cells, the recombination of charge carriers with electrodic induced charges (EIC recombination) has not been studied for many years.

In our study, a new technique was introduced to discriminate the bulk recombination of charges from EIC recombination by isolating the active layer from the electrodes using insulating layers of Al~2~O~3~ on both sides of the active layer. Transient TRDC decays were used to measure the bulk recombination lifetime of the photogenerated charge carriers. The net recombination lifetimes in the presence of electrodes were also measured using the TPV and newly developed TPV (TPV2) methods and compared with TRDC lifetimes for decent polymer/fullerene solar cells.

We found that in current state of the art organic solar cells, recombination with induced charges is not significant, as bulk only and net recombination lifetimes show the same values. Finally, comparing our experimental data with simulations, the results show that EIC recombination reduces the recombination lifetime for a system with a γ~pre~ lower than 10^--3^. Therefore, in solar cells with highly reduced recombination strength, the use of proper blocking layers could suppress the recombination of photogenerated charges with EICs.

The tool introduced in this paper can be used to study the contribution of recombination with induced charges near the electrodes in the net recombination lifetime of organic solar cells with very weak bimolecular recombination strength.

5. Experimental Procedures {#sec5}
==========================

5.1. Device Preparation {#sec5.1}
-----------------------

In this work, two different device structures were fabricated: a bulk heterojunction (BHJ) solar cell and a blocked device. The solar cells were fabricated using poly(3-hexylthiophen-2,5-diyl) (P3HT, Rieke Metals Inc.) and PDPP5T as the donor and PCBM (purchased from Solenne) as the acceptor. Structured indium tin oxide (ITO) was used as the substrate. All substrates were cleaned with soap and water for 5 min followed by rinsing with di-ionized water and, subsequently, a 10 min treatment in an ultrasonic bath of acetone and isopropyl alcohol, separately. Finally, the substrates were spin-dried and transferred into an oven at 140 °C for 10 min, followed by a UV--ozone treatment for 20 min. A 50 nm poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) was then spin-cast on the substrate, followed by 10 min oven drying at 140 °C to remove the residual water.

To fabricate the P3HT:\[60\]PCBM solar cells (130, 260 nm active layer), a solution of a P3HT:\[60\]PCBM blend (1:1 by weight) in chloroform with a concentration of either 10 or 25 g L^--1^ was spin-coated at 300 or 1000 rpm for 50 s, yielding active layers of approximately 130 and 260 nm thick. The active layer was then annealed at 140 °C for 5 min. Finally, LiF (1 nm) and Al (100 nm) were thermally evaporated through shadow masks in a vacuum chamber at 10^--6^ mbar, defining an active area of 10 mm^2^.

For the PDPP5T:\[60\]PCBM solar cells, the blend was spin-cast from a chloroform/*ortho*-dichlorobenzene (5 vol %) solution in N~2~ atmosphere. After drying of the polymer/fullerene film at room temperature, a cathode of LiF (1 nm) and Al (100 nm) was thermally evaporated.

PTB7:\[70\]PCBM solar cells were fabricated by spin-casting a solution of PTB7:\[70\]PCBM (1:1.5 by weight) in 1,2*-*dichlorobenzene from PTB7 (16 g L^--1^) and PCBM (24 g L^--1^). The solution was spin-coated at 600 rpm for 120 s, yielding an active layer of approximately 85 nm. Finally, a cathode of LiF (1 nm) and Al (100 nm) was thermally evaporated.

The blocked devices were prepared by electron beam evaporation of aluminum oxide (Al~2~O~3~) (40 nm) on the cleaned ITO substrate. The evaporation rate was set to 0.5 Å s^--1^. During the transfer to the electron beam evaporation system, the devices were exposed to air (approximately 10 min). Thereafter, the active layer was spin-coated as mentioned above, followed by the evaporation of the top blocking layer of Al~2~O~3~ (40 nm) by electron beam evaporation. Finally, aluminum (100 nm) was deposited as the top contact.

5.2. Measurements {#sec5.2}
-----------------

Current--voltage characteristics of the solar cells were measured using a computer-controlled Keithley source meter in a N~2~ atmosphere. For the transient experiments, the sample was illuminated with a biased white light LED with a rise/fall time of \<200 ns and a frequency of 100 Hz with a pulse width of 5 ms. The rise/fall time of the LED was tested using a photodiode with a \<2 ns rise/ fall time. Subsequent transient signals were acquired using a digital storage oscilloscope (Agilent DSO-X 3034A) with a 350 MHz bandwidth and an input resistance of 1 MΩ. In the TRDC experiments, a homemade circuit containing operational amplifiers and voltage switches was used. The transients were recorded by varying either the applied voltage or LED light intensity.

5.3. Simulations {#sec5.3}
----------------

TRDC and TPV simulations were obtained using a home-written transient drift-diffusion program that has already shown its ability to reproduce accurately the transient behavior of blended organic materials.^[@ref43]^ In this model, the blend is considered to be an effective medium where the highest occupied molecular orbital (HOMO) of the effective semiconductor is taken as the HOMO value of the donor, and the lowest unoccupied molecular orbital (LUMO) of the effective semiconductor is taken as the LUMO value of the acceptor. The model describes the flow of the charge carrier considering the gradients of charge carrier concentration, diffusion, and the electrical field, drift, as driving force (for more details see refs ([@ref2]) and ([@ref44])). The model also takes into account charge carrier recombination using a reduced Langevin law, as it has been shown to be the dominant recombination process in state of the art organic solar cells.^[@ref6],[@ref24],[@ref45],[@ref46]^

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.7b19234](http://pubs.acs.org/doi/abs/10.1021/acsami.7b19234).Δ*Q*~C~ plots, current--voltage parameters of the devices, complementary TRDC plots, TPV plots, and TPV2 plots ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19234/suppl_file/am7b19234_si_001.pdf))
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